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Abstract 
The distribution characteristics and relationship between nutrients and chlorophyll-a in the ice layer and water during 
the icebound season in landscape water of a park in Changchun were studied. The results indicated that during the 
icebound season, the concentrations of nutrients in the ice layer were about one-third of those in water, and the 
concentration of the chlorophyll-a was about one-fifth. The majority of nitrogen in the water was inorganic; the 
descending order of the species being NH4+, NO3-, NO2-, and the phosphorus was mostly soluble in water. We also 
discovered that the concentration of chlorophyll-a increased slowly throughout the icebound season and that the 
concentrations of NH4+ and TP in the deep water were higher than those in the shallow water. Moreover, part of the 
experiment was simulated. 
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1. Introduction 
Eutrophication has attracted scientists’ attention for a long time. Vollenweider [1] first used simple 
models linking eutrophication to nutrient input and the mean depth of lakes. Since the 1960s, evidence has 
been obtained that some lakes are naturally nitrogen limited. In some cases, lakes have been transformed 
to phosphorus-limited systems by rapidly increasing inputs of anthropogenic nitrogen. Consequently, the 
focus of management has switched to phosphorus as a limiting element in most lakes. Nitrogen-limited 
lakes were largely ignored in the effort to manage eutrophication in the mid-20th century. However, the 
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rapid increase in deposition of atmospheric nitrogen and the massive increases in the use of nitrogen 
fertilizer have been proposed as causes of eutrophication because people failed to recognize consequences 
that were not magnified until many years later [2,3].  
China is a country with many lakes. At present, there are more than 2,700 lakes, the total area of which 
is close to 91,000 km2. Among them, 2,300 natural lakes are larger than 1 km2, and they cover 70,988 km2 
in all, accounting for about 0.8% of total land area [4]. During the past 20 years, eutrophication has 
developed rapidly. Statistics showed that the ratio of eutrophic lakes to total surveyed lakes rose from 
41% to 61%, and then up to 77% by the late 1990s [5]. The severity of eutrophication has attracted the 
attention of scientists. Research efforts have focused on the causes of eutrophication, the harm caused by 
algal blooms, and the prevention and management of eutrophication. Furthermore, there have been some 
in-depth studies of nutrients and biological variation and their effects as eutrophication has increased [6-8]. 
The studies mentioned above focused on temperate lakes; however, massive annual algal blooms are 
also common under some cold conditions, such as in high-latitude marine ecosystems. For example, the 
Ross Sea, the Bering Sea, and the high-latitude North Atlantic are characterized by extensive seasonal 
algal blooms with high maximal chlorophyll concentrations [9]. Because of the neglect of algal blooms in 
winter, few studies have focused on eutrophication during the icebound season. For icebound water, 
studies have primarily focused on the changes of nitrogen, phosphorus, or heavy metals in each layer of 
sediment [10]. This research was limited to the sediment, and the existing forms of nutrients in the water 
and in ice were not investigated. In the present study the landscape water from a park in Changchun was 
sampled during the icebound season. The samples were used to study the speciation, transformation, and 
distribution of nutrients in the ice layer. The relationship between the nutrients and chlorophyll a during 
the icebound season was also examined. 
2. Materials and Methods 
2.1. Sampling 
A small, semi-enclosed inland lake, which has an area of 0.96 km2, a maximum depth of 4 m, and an 
average depth of 2 m, was selected for this study. Because of its relative stability, this lake can be 
considered as a representative water body in winter in Changchun. In mid-January, the thickness of the ice 
layer is about 50-60 cm, and the water temperature below the ice is 1 °C,increasing to 5 °C in March.  
During sampling, the surface of the frozen lake was drilled carefully to ensure the integrity of the ice 
pieces. Samples were collected separately from the ice layer, from the ice-water interface, at 0.8 m below 
the water surface, at 1.6 m below the water surface, and just above the surface of the bottom sediments 
from each of 5 sampling locations across the lake. The samples were collected from December 1, 2006 to 
March 22, 2007, which covered the whole cycle from fully icebound to the period of thaw. In all, 6 
samplings of the lake were carried out: December 1, 2006, December 14, 2006, January 7, 2007, January 
20, 2007, February 10, 2007 and March 22, 2007. The depth and temperature of the water and the 
thickness of the ice were measured. The samples at 0.8 m below the water surface, 1.6 m below the water 
surface, and at the bottom were collected with deep-water samplers. The water at the ice-water interface 
was extracted by injectors. 
2.2. Chemical analysis 
Samples for chlorophyll-a were stabilized with MgCO3 on site under a lucifugal condition for future 
measurement. The water and melted ice samples were analyzed for TN, NH4+, NO3-, NO2-, TP, D-TP, 
PO43- and chlorophyll-a according to the Water and Wastewater Monitor the Analytical Method, 4th 
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edition (State Bureau of Environmental Protection Water and Wastewater Monitor the Analytical Method. 
Beijing, 2004). 
3. Results and discussion 
3.1. Forms of nutrients in the icebound season 
3.1.1. Nitrogen 
The components of nitrogen in the water during the icebound season are shown in Table 1. Among all 
the forms of nitrogen that were analyzed, the concentration of inorganic nitrogen (NH4+, NO3-, NO2-) was 
higher than that of the rest organic nitrogen. The descending order of the concentrations of the three 
inorganic forms was NH4+, NO3-, NO2-. The reasons for this order were as follows: the quantities of 
phytoplankton were relatively low in winter so that only small amounts of ammonia were used, resulting 
in a relatively high ammonia concentration. Because the suitable temperature for nitrification is 30 °C, the 
reaction would completely cease below 5 °C; therefore, the concentrations of nitrate and nitrite were 
relatively low. 
Table 1. Forms and components of nitrogen in water during the icebound season 
Items Sample number 
maximum 
concentration (mg/l) 
Minimum 
concentration (mg/l) 
Average 
concentration (mg/l) 
Standard 
deviation 
Percentage 
(%) 
TN 3 2.124 1.967 2.043 0.078 100 
NO3- 3 0.175 0.156 0.167 0.010 8.2 
NO2- 3 0.033 0.027 0.030 0.003 1.4 
NH4+ 3 1.132 1.043 1.082 0.045 52.9 
3.1.2. Phosphorus 
The components of phosphorus in the water during the icebound season are shown in Table 2. The 
average concentration of TP was 0.268 mg/l. The contribution of the soluble phosphorus to the total 
(90.6%) was significantly high. Soluble phosphate (PO43-) accounted for 39.9% of the total phosphorus. 
For ice, because of the elimination of wind drag, particles deposited easily, and therefore the phosphorus 
existed mostly in the dissolved form.  
Table 2 Forms and components of phosphorus in water during the icebound season 
Items Sample number 
Maximum 
concentration (mg/l)
Minimum 
concentration 
(mg/l) 
Average 
concentration 
(mg/l) 
Standard 
deviation Percentage(%)
TP 3 0.301 0.236 0.268 0.032 100 
DTP 3 0.257 0.228 0.243 0.014 90.6 
Soluble 
phosphate 3 0.123 0.096 0.107 0.014 39.9 
3.2. Spatial and temporal distribution of nutrients in the icebound season 
3.2.1. NO3- 
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The concentrations of NO3- are shown in Fig. 1. The range of nitrate concentration was from 0.014 to 
0.277 mg/l during the icebound season. There were two peaks, one in early January and the other in mid-
February. After the end of February, the nitrate concentration decreased to 0.014 mg/l with the increase in 
temperature. The concentration of nitrate in the ice was lower than that in the water. It declined with 
increasing depth, and the ice-water interface had the highest concentration of nitrate. Instead of being 
incorporated in the ice crystals, NO3- entered the upper layer of the water during freezing. There was 
continuous consumption by the phytoplankton, and NO3- reached its minimum and was released from the 
sediment into the water in late January. The study by Chen and Tang [11] showed that the phytoplankton 
in spring mainly used nitrate nitrogen. In late February, the temperature gradually increased, 
phytoplankton was consumed, and the concentration of NO3- gradually decreased. 
 
Fig.1: Concentrations of NO3- in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.2.2. NO2- 
The concentrations of NO2- are shown in Fig.2. The range of nitrite concentration was 0.004 ~ 0.036 
mg/l. In the freezing period, the nitrate concentration at the ice-water interface maintained a minimum 
level from late November to early February and then changed slowly. The concentration of NO2- in the ice 
layer was very low. Because NO2- did not enter the ice crystals, its concentration at the ice-water interface 
was higher than it was in the ice, and the concentration showed a continuous decrease with depth. NO2- 
was not used by phytoplankton, and as the temperature increased, the concentration of NO2- changed 
slowly. 
 
Fig.2: Concentrations of NO2- in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.2.3. NH4+ 
The concentrations of NH4+ are shown in Fig.3. The concentration of NH4+ had a range of 0.2~0.4 mg/l 
in the ice layer and 0.6~1.8 mg/l in the water. There was a change in the concentration of ammonia in 
mid-January. After that, the concentration of NH4+ increased gradually. After mid-February, the 
concentration in bottom water was higher, and the concentration in the upper layer showed a decreasing 
trend.NH4+ did not enter the ice crystals, and thus its concentration was lower in the ice than in the water. 
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The concentration of NH4+ in the water 0.8 m below the surface decreased, and in the water 0.8 m~1.6 m 
below the surface it remained constant. This was because the amount of phytoplankton in the upper layer 
was higher than it was at greater depth, and because the use of ammonia by phytoplankton is generally 
more efficient than that of nitrate and nitrite. In addition, nitrogen was released into the overlying water 
from the sediment. Thus, nitrogen entering the overlying water first exited in the form of ammonia [12], 
which caused the concentration of ammonia in the lower water layer to be higher than it was in the upper 
layer. 
 
Fig.3: Concentrations of NH4+ in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.2.4. TP 
The concentrations of TP of are shown in Fig.4 to be in the range 0.016~0.563 mg/l. There was a peak 
in early January and a trough in late January. The concentrations increased from the beginning of the 
freezing period to early January. During freezing, the concentration of TP in the ice was about 1/3 of that 
in the water. Phosphate entered the water and then was used by phytoplankton. The concentration of TP 
clearly changed at the ice-water interface. After February, the concentration increased gradually. The 
concentration of TP in the water (except at the ice-water interface) increased with increasing depth. After 
early February, the growth of phytoplankton depended more on its own reserves and less on the 
absorption of phosphorus from the water, resulting in an increasing concentration of phosphorus. A weak 
role of biology and small perturbations in the water, coupled with low winter temperatures, will hinder the 
release of phosphorus under icebound conditions. However, recent research has shown that under hypoxic 
conditions, the release of phosphorus from sediments will increase, even if the overlying water is aerobic. 
 
Fig. 4. Concentrations of TP in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.2.5. D-TP 
The concentrations of D-TP are shown in Fig.5 to be in the range 0.016~0.52 mg/l. There was a peak in 
early January and a trough in mid-February, and the change at the ice-water interface was the most 
obvious. After early February, the concentration in each water layer increased gradually. The 
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concentration in the ice layer was about 1/3 of that in the water, and the change was not obvious during 
the icebound season. The concentration in the water (except at the ice-water interface) increased relatively 
rapidly in the deep layer. 

Fig. 5. Concentrations of D-TP in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.2.6. PO43- 
The concentrations of PO43- are shown in Fig. 6 to be in the range 0.012~0.178 mg/l. In the freezing 
period, there was a peak in mid-December and a trough in late January. This was because soluble 
phosphate was easily used by phytoplankton. Then the concentration in each water layer increased sharply 
as a result of the release of P from the sediment into the overlying water. The concentration of PO43- in the 
ice layer was about 1/3 of that in the water during the icebound season, and the concentration in the water 
always increased rapidly with increasing depth. Bottom sediments supplied the water with P, which 
mainly existed in the form of PO43-, so the concentration in the lower water layer was higher than it was in 
the upper layer. 

Fig. 6. Concentrations of PO43- in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below the water 
surface, and in the bottom water during the icebound season. 
3.3. Temporal and spatial distribution of chlorophyll-a 
A large population of phytoplankton is an important indicator of eutrophic water, and chlorophyll-a is 
usually considered to be an important biological parameter in the investigation of lake eutrophication. 
According to the standards of the OECD, the water in the park was in a state of over-eutrophication. The 
temporal and spatial distributions of chlorophyll-a are shown in Fig.7. 
From early December to early January, the concentration of chlorophyll-a increased slowly during 
freezing. The water was rich in nutrients, and the phytoplankton in each water layer increased slowly due 
to the restriction by water temperature (water temperature was 1 °C under the ice). The phytoplankton 
reached a steady state in mid-January. In late January, the concentration at the ice-water interface 
increased slowly again and reached a maximum in early February. At the same time, the concentration 0.8 
m below ice-water interface changed slowly. The concentration of chlorophyll-a in the ice layer was very 
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low, and it was higher in the upper water. The phytoplankton propagated rapidly as the temperature 
increased. After the ice had completely melted at the end of March, the concentration began to rise but 
was still low. 

Fig. 7. Concentrations of chlorophyll-a in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 1.6 m below 
the water surface, and in the bottom water during the icebound season 
3.4. Relationships between TP, DIN, and chlorophyll-a 
Nitrogen and phosphorus are necessary nutrients for phytoplankton growth, and chlorophyll-a is an 
important index of phytoplankton standing stock. The relationship between them can be used to determine 
the factors limiting eutrophication. 
Figure 8 shows that the changes of DIN and chlorophyll-a occurred at about the same time and that the 
change of TP was a half month later. After mid-February, with an increase in the phosphorus 
concentration, inorganic nitrogen increased slowly, and the ratio of nitrogen to phosphorus in the water 
declined gradually. During the icebound season, the average TN/TP ratio was about 10.05. The 
concentration of chlorophyll-a depend on the quantity of phytoplankton. With the increase of temperature, 
TN/TP decreased, the limiting factor tending to be nitrogen. 
 
Fig..8. Concentrations of TP, DIN, and chlorophyll-a in the ice layer, at the ice-water interface, at 0.8 m below the water surface, at 
1.6 m below the water surface, and in the bottom water 
4. Conclusion 
This study shows the speciation and distribution of nitrogen during the icebound season. The majority 
of nitrogen in the water was inorganic, accounting for 62.6% of the total nitrogen, and the descending 
order of the forms was NH4+, NO3-, NO2-. NO3- and NH4+ each had two peaks. After early February, NH4+ 
increased, while NO3- and NO2- decreased. After mid-February, similar patterns of changes for NH4+, NO3-, 
and NO2- were found under the ice layer. 
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The phosphorus in the water was mainly soluble phosphorus, which accounted for 90.6% of total 
phosphorus. The trends in total phosphorus and soluble phosphorus were the same. There was a peak in 
early January and a trough in late January for the concentrations of TP, D-TP, and PO43-, which all 
increased slowly in early February. The concentrations of TP, D-TP, and PO43- in the ice were about 1/3 
of those in the water. The concentrations of TP, D-TP, and PO43- increased with increasing depth, and 
they were higher in the lower water layer, which was closely related to the release of P from the sediment. 
In the process of freezing, nutrients did not enter the ice crystals, and the amounts of nutrients fixed in 
the ice layer were very low. Nutrients entered the water layer under the ice. After mid-February, the 
temperature of the water at the ice-water interface increased, and the concentration of chlorophyll-a 
increased rapidly, showing that the propagation of phytoplankton accelerated because of adaptation to the 
water. 
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